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ABSTRACT: In this work, our group synthesized and charac-
terized a fully conjugated graft polymer comprising of a donor−
acceptor molecular backbone and regioregular poly(3-hexylthio-
phene) (RRP3HT) side chains. Here, our macromonomer (MM)
was synthesized via Kumada catalyst transfer polycondensation
reaction based on ditin-benzodithiophene (BDT) initiator. The tin
content of MM was then investigated by inductively coupled
plasma-mass spectrometry (ICP-MS), which allowed for accurate
control of donor/acceptor monomer ratio of 1:1 for the following
Stille coupling polymerization toward our graft polymer (BP). The
structures of the polymers were then characterized by gel permeation chromatography (GPC), NMR, and elemental analysis. This
was followed by the characterization of optical, electrochemical, and physical properties. The magneto-optical activity of graft
polymer BP was then measured. It was found that, despite the presence of the acceptor backbone, the characteristic large Faraday
rotation of RRP3HT was maintained in polymer BP, which exhibited a Verdet constant of 2.39 ± 0.57 (104) °/T·m.
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1. INTRODUCTION

Architectural design and control of polymer structures is a
continuously pursued research effort. One is looking for new
properties from different structures because the function could
also follow form. Recent years have witnessed a rapid
development of numerous organic semiconducting polymers
for applications in a wide range of areas.1−3 Among these,
donor−acceptor copolymers have been extensively inves-
tigated. While the majority of efforts have been devoted
toward developing new building blocks for these polymers,
developing novel chemistry to synthesize new architectures of
conjugated polymers has been seldom reported. For instance,
developing fully conjugated graft copolymers comprising of
different types of polymers in the backbone and side chains has
been rarely reported.4,5 The ability to combine two kinds of
polymers with different properties in a single graft polymeric
system offers potentials not available in each individual
material.6−8

To the best of our knowledge, there are only two papers to
have studied conjugated graft polymers that may be because of
some inherent limitations of these two methods. Kumada
catalyst transfer polycondensation (KCTP) has been widely
used for synthesizing graft polymers.9−11 Previous studies have
already demonstrated both “grafting from” and “grafting
through” methods for synthesizing fully conjugated graft
polymers employing KCTP polymerization.4,5 As for the
grafting from method, the functionalized reactive sites on the

molecular backbone may be not active enough to initiate the
growth of the side chains because of the electrical properties of
the backbone.11 Second, the side chains may grow randomly
and thus causing differences in the degree of polymerization
(DP). Third, it is almost impossible to ensure that all of the
active sites along the molecular backbone are fully reacted, and
thus generating structural defects. For the grafting through
method, a macromonomer with two functional groups is
prepared for copolymerization. However, since the macro-
monomer’s molecular weight is not fixed (different lengths for
side chains), one can only roughly estimate the number of the
functional groups by NMR or gel permeation chromatography
(GPC) and hence making it impossible to control a 1:1 ratio
for the two monomers leading to a low degree of polymer-
ization.4 Another key reason of limited developments in this
field might be the lack of related applications. The reported
graft polymers did not show promising properties for their
potential application. For example, the authors tried to apply
these materials to organic field-effect transistors; however, the
obtained charge mobilities were too low for good device
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performance. Therefore, a well-designed method to synthesize
polymers with high DP, less traps, and fixed side chain length is
needed; appropriate applications for this kind of materials are
demanded.
In this work, we developed a new method for synthesizing

fully conjugated graft polymers (BP), as shown in Figure 1. A

ditin-benzodithiophene (BDT) unit with two chlorothio-
phenes as pendant groups was functionalized with two
trimethyltin groups. Then, regioregular P3HT (RRP3HT)
chains were grown from the chlorothiophene unit by the
KCTP method to yield a macromonomer (MM) showing a
low polydispersity index (Đ) of 1.25. The trimethyltin groups
survived the Kumada condition, and the tin content of MM
was investigated with inductively coupled plasma-mass
spectrometry (ICP-MS) allowing us to accurately control the

ratio of MM to the other monomer for the Stille
polycondensation. The structures of the resulting brush
polymers were investigated, and their thermal, photophysical,
and electrochemical properties were studied. More impor-
tantly, a new application, Faraday rotation, induced by polymer
BP was investigated. It was found that the regioregular P3HT
side chains in polymer BP maintained the large magneto-
optical activity previously demonstrated for pure RRP3HT.
The specific packing morphology of RRP3HT that yields large
magneto-optical activity is still a subject of on-going
study.12−15 Furthermore, the effect of an acceptor domain on
the thin-film “giant Faraday rotation” has previously not been
studied. The maintained Faraday rotation implies that the
packing of RRP3HT side chains forms extended domains,
which exhibit properties similar to pure RRP3HT.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization. The polymer

structure and synthetic route are shown in Scheme 1. The
structures of the monomers and copolymers were confirmed
by 1H NMR, matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF), and elemental analysis. The two
polymers exhibited excellent solubility in common organic
solvents such as chloroform, tetrahydrofuran (THF), and
chlorobenzene. Table 1 summarizes the polymerization results
and thermal properties of the copolymers. The molecular
weights (Mw) and Đ of the two copolymers were Mw = 16.9

Figure 1. Synthetic routes for the brush polymer.

Scheme 1. Synthetic Routes of the Macromonomer and Brush Copolymer

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c08170
ACS Appl. Mater. Interfaces 2020, 12, 30856−30861

30857

https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08170?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08170?ref=pdf


kg/mol with a Đ = 1.25 forMM andMw = 102.0 kg/mol with a
Đ = 2.58 for BP, as determined by gel permeation
chromatography (GPC) using polystyrenes standard and
CHCl3 as the eluent. The thermal properties of the copolymers
were determined by thermogravimetric analysis (TGA) under
a nitrogen atmosphere at a heating rate of 10 °C/min. The two
polymers (MM and BP) showed good thermal stability with
onset decomposition temperatures (Td) corresponding to a 5%
weight loss at 352 and 386 °C, respectively, as shown in Table
1.
The synthesis of the macromonomer via KCTP is the crucial

step in our synthesis. Normally, this polymerization is
quenched with HCl; however, since the macromonomer has
trimethyltin groups attached that are sensitive to acidic
conditions, the reaction was just quenched with MeOH.
NMR spectrum (Figure S6) of MM showed a clear signal at
0.43 ppm, which is consistent with the trimethyltin signal of
the initiator compound 4 at 0.41 ppm (Figure S4). The
integration ratio of the methyl groups with the aromatic
protons on the thiophenes indicated that the DP of the P3HT
chains is around 20, which is in good agreement with the
starting material ratio of the thiophene Grignard reagents and
the initiator of 38. Theoretically, each side of the BDT unit
should attach 19 thiophenes, plus one from the initiator itself
totaling 20. ICP-MS was employed to investigate the tin
content that was found to be 2.13% by weight. With this result,
we were able to control the amount of the monomer
compound 6 to keep a 1:1 ratio, which is a crucial issue that
previous studies were unable to solve. Then, graft polymer BP
was obtained that showed a relatively high DP of around 3,
which is higher than the published work with grafting through
method.4 There were some higher-molecular-weight polymers
left after Soxlet purification, which were extracted out by
chlorobenzene. Our result indicates that this method can
synthesize graft polymers with a higher DP if there are no
solubility issues. The average molecular weights of the two
polymers were compared, and it showed a significant increase
in Mw from 16.9 to 102 kg/mol. Further evidence from
elemental analysis and NMR (Figure S7) confirmed that the
components of the monomer 6 were indeed found in the
polymer BP. Elemental analysis was in good agreement with
the theoretical data: it was found that the N content of BP is
0.57% as it is supposed to be, while it is 0% for MM.

2.2. Optical Properties. The photophysical properties of
the two polymers (MM and BP) were investigated using
ultraviolet−visible (UV−vis) spectroscopy. The key physical
properties are summarized in Table 2. Both of our polymers
showed a very similar absorption spectrum from 300 to 500
nm in the visible region (Figure 2). This is very similar to that

of regioregular P3HT.16 The two polymers showed the same
absorption maxima at 448 nm. Since the content of the
backbone is relatively low compared to the P3HT side chains,
backbone absorption might be overlapped with that of P3HT
leading to almost identical spectra. Absorption maxima for thin
films were shifted from 448 to 518 nm for both the polymers.
The 70 nm red shift indicated a very strong aggregation in
solid state, which is reasonable because the major component
of the polymers is a regioregular17 P3HT chain.

2.3. Electrochemical Properties. Electrochemical spectra
of the two polymers MM and BP were investigated by cyclic
voltammetry (CV). The CV curves and their corresponding
data (Figure 3 and Table 2) indicate that these polymers are

electroactive. The redox potentials were first referenced to the
ferrocene/ferrocenium redox couple (Fc/Fc+), which is at 0.47
V vs a saturated calomel electrode (SCE). The redox potential
of Fc/Fc+ was then assumed to be at −4.8 eV relative to
vacuum.18

Table 1. Polymerization Results and Thermal Properties of
Copolymers

copolymers yields (%) Mn Mw (kg·mol−1)a Đ Td (°C)
b

MM 87 13.5 16.9 1.25 352
BP 83 39.5 102.0 2.58 386

aDetermined by GPC in THF based on polystyrene standards.
bDecomposition temperature, determined by TGA in nitrogen, based
on 5% weight loss.

Table 2. Optical and Electrochemical Properties of the Two Copolymers

solution λs,max (nm)a film λf,max (nm) film λedge (nm)

copolymers Abs. Abs. Abs. Eg
opt (eV)b HOMO (eV) LUMO (eV) Eg

ec (eV)

MM 448 518 644 1.93 −4.95 −2.60 2.35
BP 448 518 649 1.91 −5.05 −2.66 2.39

aMeasured in a chloroform solution. bBand gap estimated from the optical absorption band edge of the films.

Figure 2. UV−vis absorption spectra of the copolymers in the film
states.

Figure 3. Cyclic voltammograms of polymers in CH3CN/0.1 M
Bu4NPF6 at 50 mV/s.
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Then, the highest occupied molecular orbital (HOMO)/
lowest unoccupied molecular orbital (LUMO) energy levels
and electrochemical energy gaps (Eg

ec) of our copolymers were
calculated as per the following equations

= − +EHOMO ( 4.33) (eV)ox

= − +ELUMO ( 4.33) (eV)red

= −E E E( ) (eV)g
ec

ox red

The onset oxidation potentials (Eox) were found to be 0.62 and
0.72 V for MM and BP, corresponding to the HOMO energy
levels of −4.95 and −5.05 eV, respectively. The LUMO energy
levels of MM and BP were calculated to be −2.60 and −2.66
eV, indicating a low band gap of 2.35 and 2.39 eV, respectively.
The optical band gaps were calculated from their film
absorption, and they were found to be 1.93 eV for MM and
1.91 eV for BP. It did not show large differences in
electrochemical properties, which is reasonable because the
P3HT side chains of the polymers contributed much more
than the backbones. Therefore, the final properties were found
to be the same as the properties of P3HT side chains.
2.4. Morphology Investigation. To investigate the

morphology and packing of this graft polymer BP, grazing
incidence wide-angle X-ray scattering two-dimensional (GI-
WAXS-2D) was measured for the polymer films (Figure 4).

The polymer films were coated onto the polished side of a
silicon wafer. The polymer shows a broad arc scattering profile,
corresponding to π−π stacking, which indicates the amorphous
nature of the polymer. Unlike, P3HT, which has an edge-on
orientation and exhibits sharp out-of-plane (100), (200), and
(300) scattering peaks, this polymer exhibits no such peaks. In
out-of-plane qz direction, the polymer exhibits broad peaks at
0.3 and 0.5 Å−1, corresponding to the distances 20.9 and 12.5
Å−1, respectively./
2.5. Faraday Effect. To corroborate the results obtained

from UV−visible spectroscopy and GIWAXS measurements,
we employed magneto-optical polarimetry on these samples, as
this technique is highly sensitive to morphology and stacking
of P3HT materials.15 Magneto-optical activity was measured
using a Faraday polarimeter under a low-frequency AC
magnetic field through simultaneous balanced detection and
homodyne detection (Figure S1).19 A full description of our
instrument is found in the Supporting Information. Measure-
ments were performed using a 532 nm coherent light source
and measured in triplicate at five different field strengths across
three separate thin-film samples of BP. High-quality thin films
of BP (formed from spin coating; 81.8 ± 2.8 nm, measured by
atomic force microscopy (AFM)) exhibited a Verdet constant

of 2.39 ± 0.57 (104) °/T·m (Table 3). Since these polymers
contain P3HT brushes, it is appropriate to make similar

measurements on RRP3HT for comparison and to reveal
additional details on the morphology. Gangopadhyay and
Persoons reported a Verdet Constant for RRP3HT of 6.25 ±
0.3 (104) °/T·m, employing a similar instrumental method.12

In our laboratory, we obtained a Verdet Constant of 4.32 ± 1.5
(104) °/T·m for RRP3HT in good agreement with this
literature report. These data suggest that BP forms a structure
similar to that of RRP3HT. Indeed, thermally annealed thin
films of RRP3HT do not exhibit a Faraday effect or magneto-
optical activity. The preservation of the magneto-optical effect
in BP suggests that the RRP3HT side chains form extended,
disordered domains, which is corroborated by the 2D
GIWAXS measurements. Moreover, theory predicts that such
domains should yield a Faraday response.20 It is interesting to
note that the inclusion of an acceptor moiety within the
polymer backbone does not appear to yield a large
perturbation on the magneto-optic activity of P3HT. Within
the context of this sample, we thus infer that it is the RRP3HT
brush units that are solely responsible for the rotation of plane-
polarized light in these studies. The precise origin of the
Faraday effect in these materials is still an open question;
however, since it is a diamagnetic material of low symmetry,
the magneto-optic activity must arise through Faraday B-
terms.21 This particular Faraday term quantifies optical activity
attributed to a magnetic field-induced mixing of nondegenerate
electronic states. This theoretical basis combined with the
strong dependence on regioregularity and sample processing
implicates the mixing of electronic states localized on close-
packed RRP3HT chains.

3. CONCLUSIONS
In conclusion, we have demonstrated a finely designed grafting
through approach for synthesizing fully conjugated graft
polymers. A tin contained initiator was used for the synthesis
of macromonomers (MM) by employing Kumada catalyst
transfer polycondensation. The content of the trimethyltin
functional group was precisely determined, which lead to good
control of the 1:1 monomer ratio for the later copolymeriza-
tion to obtain a graft polymer (BP). The structures of the
newly developed polymers were characterized and analyzed,
and experimental results were in good agreement with
theoretical ones. The optical and electrochemical properties
were studied, which were found to be the same as those of the
P3HT side chains. The Faraday effect of BP was investigated,
and it was found to be in accord with that exhibited by
RRP3HT. Based on this result, we infer that the acceptor
backbone permits the P3HT brush units to form a similar
mesoscale structure to that displayed by RRP3HT. As more

Figure 4. Two-dimensional GIWAXS scattering patterns of BP films
(left) and one-dimensional (1D)-linecuts in out-of-plane (qz)
direction and in-plane (qxy) direction (right).

Table 3. Measured Verdet Constant and Faraday Rotation
of BP and Related Materials

verdet constant
(104°/T·m) thickness (μm)

rotation at
148G (μdeg)

substrate 0.0292 ± 0.00025 1000 ± 3a 841 ± 20
BP 2.4 ± 0.6 0.0818 ± 0.0028b 32 ± 9
polystyrene 0.0167 ± 0.0010 10.0 ± 0.2c 21 ± 3
RRP3HT 4.3 ± 1.5 0.108 ± 0.017c 67 ± 23

aMeasured by precision micron calipers. bDetermined by AFM.
cDetermined by profilimeter.
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“graft-through” type polymers are produced through selective
chemical functionalization, Faraday activity can serve as a
reporter on the morphological characteristics of the RRP3HT
side chains and their electronic coupling to the acceptor
moieties in the polymer backbone. This work thus provides a
simple and effective method for synthesizing fully conjugated
graft polymers and to explore new properties and applications
of these systems.

4. EXPERIMENTAL SECTION
1H NMR and 13C NMR spectra were recorded on a Bruker DRX-500
spectrometer. Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectra were recorded using a Bruker
Ultraflextreme MALDI-TOF mass spectrometer with dithranol as
the ionization matrix. Gas chromatography−mass spectra (GC−MS)
were measured with Agilent SQ GC−MS (5977A single quad MS and
7890B GC). Ultraviolet−visible−near infrared (UV−vis−NIR)
spectra of the polymers were measured on a SHIMADZU UV-3600
spectrometer. The elemental analyses of the polymers were performed
on an Elementar Vario EL III element analyzer for C, H, Br, and S
determination. Thermogravimetric analyses (TGA) were performed
under nitrogen at a heating rate of 10 °C min−1 using a SHIMADZU
TGA-50 analyzer. The average molecular weight and polydispersity
index (Đ) of the polymers were determined using Waters 1515 gel
permeation chromatography (GPC) analysis with CHCl3 as eluent
and polystyrene as standard; there are two detectors for the
instrument, refractive index detector and UV−vis detector; in this
study, all of the molecular weights were collected from the traces with
the UV−vis detector. Electrochemical redox potentials were obtained
by cyclic voltammetry (CV) using a three-electrode configuration and
an electrochemistry workstation (AUTOLAB PGSTAT12). CV was
conducted on an electrochemistry workstation with the polymer thin
film on a Pt working electrode, Pt as the counter electrode as well, and
Ag/AgCl as a reference electrode in a 0.1 M tetra-n-butylammonium
hexafluorophosphate acetonitrile solution at a scan rate of 50 mV s−1.
ICP-MS data was obtained with an Agilent 7700x ICP-MS and
analyzed using ICP-MS MassHunter version B01.03. A commercially
available standard E2-TB01060 from the company Inorganic Ventures
was used. Ten milligrams of vacuum-dried sample was weighed in a
glass vial. One milliliter of metal-free 70% nitric acid was added to
each vial and then incubated on 80 °C water bath for 3 h until all solid
samples dissolved. The digested sample in 70% nitric acid was diluted
35 times by DI water to prepare a 2% nitric acid solution; then,
further diluted by 2% nitric acid until the ICP-MS read out below 500
ppb. Faraday rotation was detected using a homodyne detection
scheme. A 532 nm diode laser was initially polarized at 45°. This light
was directed through a thin-film sample mounted in the center of a
solenoid. The reference frequency generated by a Stanford research
instruments SR830 lock-in amplifier was further amplified and used to
generate a low-frequency magnetic field. The polarizing beam splitter
positioned after the sample converts changes in polarization into
intensity changes in two beams, which are then detected by a
Newport nirvana 2007 balanced detection system (Figure S1).
Multiple measurements are made while incrementally increasing the
magnetic field generated by the solenoid, and a Verdet constant is
extracted by fitting polarization measurements against magnetic field
measurements using a least-squares linear regression.
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